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It  was  shown  that  by  thermal  nanocrystallization  of  a  9OV2O5  IOP2O5  glass  one  can  obtain  a  novel  nano¬ 
material  exhibiting  enhanced  electronic  conductivity.  Using  a  combination  of  methods:  DTA,  SEM,  XRD 
and  impedance  spectroscopy  (IS),  it  was  possible  to  find  correlation  between  microstructure  and  electri¬ 
cal  properties  of  the  obtained  material  and  to  optimize  conditions  of  its  synthesis.  The  room  temperature 
electronic  conductivity  of  the  nanocrystallized  samples  is  cr25  =2  x  10-3  Scnrr1  and  is  by  a  factor  of  25 
higher  than  the  conductivity  of  the  as-received  glass.  The  nanocrystallized  material  is  thermally  stable 
up  to  ca  400  °C,  which  is  about  150  °C  above  the  glass  transition  temperature  of  the  original  glass.  Maxi¬ 
mum  electronic  conductivity  of  the  thermally  treated  samples  reaches  2  x  10_1  Scnrr1  at  ca  400  °C.  The 
activation  energy  for  these  samples  (0.28  eV)  are  substantially  lower  than  that  found  for  the  starting  glass 
(0.34  eV).  The  experimental  results  were  discussed  in  terms  of  a  model  proposed  in  this  paper  and  based 
on  a  “core-shell”  concept.  The  results  obtained  here  can  be  important  for  the  progress  in  the  search  of 
novel  nanocrystalline  cathode  materials  for  applications  in  Li-ion  batteries. 

©  2009  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Polycrystalline  vanadium  oxides,  but  also  vanadophosphates 
(e.g.  VOPO4),  because  of  their  possibility  of  reversible  intercala¬ 
tion  of  lithium  and  reasonable  values  of  the  electronic  conductivity 
belong  to  a  group  of  materials  considered  for  cathodes  in  lithium- 
ion  rechargeable  batteries  [1-3].  For  years  it  has  been  known 
that  also  amorphous  analogs  of  vanadium  oxides  (e.g.  gels  or 
glasses)  exhibit  similar  or  even  better  electrical  and  electrochem¬ 
ical  properties  than  polycrystalline  materials  [4,5].  One  of  the 
key  issues  important  for  the  progress  in  research  on  amorphous 
vanadate-based  conductors  is  the  enhancement  of  their  electrical 
conductivity  and  improvement  of  the  thermal  stability.  In  recent 
years  we  have  carried  out  research  on  conductive  glasses  includ¬ 
ing  mixed  electronic-ionic  conductors  of  potential  applications  as 
cathode  materials.  During  that  period  we  have  found  out  that 
some  of  those  glasses  (also  vanadate-phosphate  ones)  relatively 
easily  undergo  nanocrystallization  when  subjected  to  an  appro¬ 
priate  thermal  treatment.  Additionally  such  nanocrystallization 
has  led  to  an  increase  in  the  electronic  conductivity.  Therefore 


*  Corresponding  author.  Tel.:  +48  22  234  5350;  fax:  +48  22  628  2171. 
E-mail  address:  garbar@if.pw.edu.pl  (J.E.  Garbarczyk). 

0378-7753 /$  -  see  front  matter  ©  2009  Elsevier  B.V.  All  rights  reserved. 
doi:10.1016/j.jpowsour.2009.02.031 


we  started  systematic  studies  on  conductivity  enhancement  of 
vanadate-phosphate  glasses  caused  by  thermal  nanocrystallization 
[6-8].  The  vanadate-phosphate  glasses  were  chosen  because  the 
glass  forming  properties  of  V205  alone  are  insufficient  to  produce 
fully  amorphous  materials  by  a  standard  press-quenching  process 
and  it  is  necessary  to  add  some  amount  of  P205,  a  supporting  glass 
former,  to  enhance  glass  forming  properties  of  V2Os.  The  compo¬ 
sition  of  the  glasses  studied  in  this  work,  set  to  90V205  10P205, 
ensures  reasonable  electronic  conductivity  (due  to  high  content  of 
V205)  and  full  amorphousness. 

In  this  paper  we  have  focused  on  optimization  of  heat  treatment 
conditions  required  to  achieve  best  conductivity  enhancement  of 
the  samples  and  on  correlations  between  temperature  depen¬ 
dences  of  conductivity  and  microstructure,  thermal  events  and 
other  characteristics  of  thermal  nanocrystallization  phenomena 
occurring  in  the  investigated  glasses  under  various  thermal  treat¬ 
ment  conditions. 

2.  Experimental 

A  series  of  vitreous  vanadate-phosphate  samples  of  the  fixed 
composition  90V205  10P205  were  prepared  by  a  standard  press 
quenching  technique  [  7  ]  adapted  for  this  case.  Appropriate  amounts 
of  pre-dried  precursors:  V205  (ABCR,  99.5%)  and  (NH4)H2P04 
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(POCh  -  Polish  Chemicals,  99.5%)  were  ground  and  mixed  in  a  mor¬ 
tar.  Alumina  crucibles  filled  with  the  powders  were  placed  in  an 
electric  furnace,  heated  to  ca  950  °C  in  air,  and  held  at  the  maximum 
temperature  for  30  min.  The  molten  mixtures  were  rapidly  poured 
out  onto  a  stainless-steel  plate  held  at  room  temperature  and 
immediately  covered  by  another  stainless-steel  plate.  The  average 
thickness  of  the  resulting  samples  was  ca  0.7  mm.  The  amorphous 
state  of  ah  as-quenched  samples  was  confirmed  by  powder  X-ray 
diffractometry  (XRD).  XRD  measurements  were  carried  out  using 
a  Philips  X’Pert  Pro  apparatus  equipped  with  a  CuKai  X-ray  source 
and  a  Ni  filter  (X  =  1.54  A).  Thermal  events  taking  place  in  the  glasses 
upon  heating  were  studied  by  differential  thermal  analysis  (DTA). 
DTA  runs  were  carried  out  for  ground  glass  batches  under  argon 
from  20  to  ca  600  °C  at  a  set  of  heating  rates  ranging  from  1  to 
20  K  min-1.  The  temperatures  of  events  detected  on  DTA  traces 
were  further  used  for  planning  temperature  ranges  of  the  elec¬ 
trical  conductivity  measurements  carried  out  in  heating-cooling 
cycles.  The  maximum  temperatures  and  additional  details  of  each 
of  these  cycles  are  given  in  the  Section  3  of  this  paper.  The  elec¬ 
trical  conductivity  measurements  were  carried  out  using  a  system 
consisting  of  a  Solartron  1260  Gain  Phase/Impedance  Analyzer  inte¬ 
grated  with  a  heater  and  modules  of  temperature  programming 
and  stabilization.  All  functions  of  the  system  (temperature  pro¬ 
gramming,  data  acquisition  etc.)  were  fully  computer-controlled. 
The  frequency  range  was  1  Hz-10  MHz,  and  the  amplitude  of  the 
ac  signal  was  30  mV  rms.  Pilot  measurements  have  shown  that  the 
impedance  spectra  of  ah  samples  under  study  were  fragments  of 
semicircles  (less  or  more  developed,  depending  on  temperature). 
For  ah  of  them  at  frequencies  below  1  kHz  the  impedance  was 
purely  ohmic  with  no  dispersion,  as  expected  for  electronic  con¬ 
ductors.  Therefore  the  conductivity  measurements  were  done  at 
a  fixed  frequency  of  100  Hz.  In  this  way  it  was  possible  to  carry 
out  the  experiment  at  relatively  high  effective  heating  rate,  i.e. 
1-2  K  min-1.  This  allowed  to  compare  conductivity  changes  with 
thermal  effects  observed  on  DTA  runs,  taken  at  1  Kmin-1  heating 
rate.  Prior  to  these  measurements  gold  electrodes  were  sputtered 
onto  opposite  faces  of  the  samples  using  a  Baltec  SCD500  sputter 
coater.  Microstructure  of  samples  both  as-received  as  well  as  sub¬ 
jected  to  heating-cooling  cycles,  was  observed  by  held  emission 
scanning  electron  microscopy  (FE-SEM)  using  a  LEO  1530  setup. 

3.  Results 

3.1.  DTA  studies 

Thermal  stability  of  glasses  can  be  effectively  studied  using 
thermal  analyses  in  particular  a  DTA  method.  The  DTA  curves  of 
a  glass  9OV2O5  IOP2O5,  taken  at  several  heating  rates  (from  1  to 
20 Kmin-1 )  showed  four  thermal  events:  an  endothermic  baseline 
shift  corresponding  to  a  glass  transition  followed  by  three  exother¬ 
mic  peaks  (labeled  A,  B,  C,  respectively)  related  to  crystallization 
processes  (Fig.  1).  Temperature  values  of  these  thermal  events, 
he  in  the  following  ranges:  225  <  Tg  <  250  °C,  257  <  IA  <304°C, 
307  <  TB  <  333  °C  and  460  <  Tc  <  500  °C.  These  temperatures  obey 
a  well-known  empirical  rule,  which  states  that  higher  heating  rates 
lead  to  higher  temperatures  of  glass  transition  and  crystallization. 
It  should  be  noted  that  at  the  lowest  heating  rates  (e.g.  1  Kmin-1 ) 
the  intensity  of  the  peak  B  is  weak  and  the  peak  C  is  almost  negli¬ 
gible.  On  the  other  hand  at  high  heating  rates  (20  K  min-1 ),  peaks  B 
and  A  start  to  overlap.  The  characteristic  temperatures  from  Fig.  1 
were  used  to  analyze  kinetics  of  non-isothermal  crystallization  of 
the  glasses  under  study.  The  analysis  was  carried  out  on  the  basis 
of  the  Kissinger  formula  [9]: 


Temperature  /  °C 

Fig.  1.  DTA  runs  of  90V205  10P205  glasses  at  various  heating  rates. 

where  0  -  heating  rate,  Tm  -  temperature  of  maximum  of  the  crys¬ 
tallization  peak,  k B  -  Boltzmann  constant,  Q.  -  activation  energy  of 
the  crystallization  process  and  C  -  a  constant. 

The  results  of  these  analyses  for  peaks  A,  B  and  C  (visible  in 
Fig.  1)  are  plotted  in  Fig.  2.  The  numerical  fitting  of  these  depen¬ 
dences  gave  the  following  best  fit  values  of  the  activation  energy  Q: 

2.1  ±  0.2  and  1.3  ±  0.04  eV  for  the  peak  A,  4.2  ±  0.2  eV  for  peak  B  and 

3.2  ±  0.2  eV  for  peak  C.  The  presence  of  two  activation  energies  of 
the  dominating  peak  A  may  be  due  to  two  different  processes:  the 
higher  value  (2.1  eV)  observed  at  low  heating  rates  may  reflect  the 
formation  of  crystalline  seeds  (nucleation),  while  the  other  (1.3  eV) 
observed  at  higher  heating  rates  can  originate  from  the  crystalline 
grains  growth.  The  other  crystallization  peaks  (B  and  C)  are  char¬ 
acterized  by  single  activation  energies.  This  suggests  that  these 
crystallization  phenomena  are  single-step  processes.  It  is  worthy 
to  note  that  the  activation  energy  values  of  crystallization  for  the 
vanadate-phosphate  glasses  under  study  (1.3/4.2eV)  are  substan¬ 
tially  higher  than  those  characteristic  for  the  crystallization  of  fast 
ion  conducting  silver  phosphate  glasses  (ca  0.81/1.86  eV)  studied 
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Fig.  2.  Kissinger  plots  of  crystallization  peaks  (A-C)  for  the  9OV2O5  IOP2O5  glass. 
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Fig.  3.  SEM  micrograph  of  the  as  received  9OV2O5  IOP2O5  glass. 

by  us  earlier  [10].  In  the  case  of  both  glasses  the  values  of  the  acti¬ 
vation  energies  of  crystallization  are  much  higher  than  0.2-0.4eV, 
typical  for  their  electronic  [8]  or  ionic  [10]  conductivity. 

3.2.  SEM  and  XRD  studies 

As  received  samples  under  study  were  fully  amorphous,  as 
can  be  seen  in  a  SEM  micrograph  and  a  XRD  pattern  shown  in 
Figs.  3  and  4,  respectively.  The  heating  of  the  sample  to  255  °C  was 
followed  by  immediate  cooling  back  to  room  temperature  (Fig.  5). 
The  temperature  255  °C  was  chosen  intentionally  as  it  corresponds 
to  the  maximum  of  the  crystallization  peak  visible  in  the  DTA  curve 
taken  at  1  Kmin-1  heating  rate  (inset  in  Fig.  5).  Such  a  low  heat¬ 
ing  rate  is  comparable  to  the  rate  of  temperature  increase  in  the 
electrical  conductivity  measurements.  As  can  be  seen  in  Fig.  5, 
a  heating-cooling  procedure  with  the  maximum  temperature  of 
255  °C  does  not  lead  to  major  changes  of  the  microstructure  except 
for  some  limited  crystallization. 

A  different  evolution  of  the  microstructure  can  be  observed  after 
heating  the  sample  to  275  °C,  i.e.  to  temperature  close  to  the  end  of 
the  crystallization  peak  A  (Fig.  6).  In  this  figure  one  can  see  a  number 
of  small  grains  of  sizes  which  vary  within  some  limits,  neverthe¬ 
less  vast  majority  of  the  grains  are  much  smaller  than  100  nm.  The 
grains  visible  in  Fig.  6  do  not  have  regular  shape,  which  should  be 
expected  if  they  were  typical  crystallites.  At  present  it  seems  that 
smaller  grains  have  tendency  to  form  agglomerates  and  additionally 
that  there  is  still  a  substantial  fraction  of  the  residual  amorphous 
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Fig.  4.  XRD  pattern  of  the  as  received  9OV2O5  IOP2O5  glass. 


Fig.  5.  SEM  micrograph  of  9OV2O5  IOP2O5  sample  after  its  heating  up  to  255  °C 
(maximum  of  the  crystallization  peak  A  on  a  DTA  curve  shown  in  the  inset). 

phase.  More  quantitative  analysis  concerning  grain  size  distribution 
is  presented  below  in  the  Section  4  of  this  paper. 

A  further  modification  of  the  microstructure  (SEM  micrograph 
shown  in  Fig.  7)  took  place  after  the  annealing  the  sample  at  360  °C, 
corresponding  to  a  temperature  above  the  crystallization  peak  B 
(inset  in  Fig.  7).  Similarly  to  the  case  of  samples  heated  up  to 
275  °C,  also  in  this  case  one  can  see  large  featureless  areas.  However, 
contrary  to  the  previous  case  (Fig.  6),  the  grains  are  more  intercon¬ 
nected  by  a  kind  of  amorphous  medium.  The  shape  of  most  of  visible 
grains  is  not  well  defined,  nevertheless  when  looking  closer  at  the 
micrograph  shown  in  Fig.  7,  one  can  distinguish  certain  sharper, 
crystal-like  resembling  features  in  a  number  of  these  grains.  The 
sample  heated  up  to  360  °C  is  with  no  doubt  crystalline  as  evidenced 
by  its  XRD  pattern,  taken  after  cooling  the  sample  down  to  room 
temperature  (Fig.  8).  Vast  majority  of  reflections  seen  in  the  pattern 
have  been  identified  as  corresponding  to  crystalline  orthorhombic 
V205  (JCPDS  card  no.  41-1426).  Fig.  9  presents  a  SEM  micrograph 
of  a  sample  heated  up  to  temperature  550  °C.  This  temperature  lies 
well  above  the  crystallization  peak  C  in  DTA  curve  (inset  in  Fig.  9). 
Though  the  presence  of  the  peak  C  is  hardly  observable  in  the  DTA 
curve,  nevertheless  one  can  see  a  discernible  deviation  of  the  DTA 
baseline  at  460  °C  indicating  that  crystallization.  The  microstruc¬ 
ture  consists  of  well-developed  crystallites  with  sharp  edges  and 


Fig.  6.  SEM  micrograph  of  9OV2O5  IOP2O5  sample  after  its  heating  up  to  275  °C  (end 
of  the  crystallization  peak  A  on  the  DTA  curve  shown  in  the  inset). 
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Fig.  7.  SEM  micrograph  of  9OV2O5  IOP2O5  sample  after  its  heating  up  to  360  °C 
(above  the  crystallization  peak  B  on  the  DTA  curve  shown  in  the  inset). 

much  more  regular  shapes.  Besides  small  crystalline  grains  (below 
100  nm)  there  are  also  large  crystallites  (above  200  nm).  In  Fig.  8, 
there  is  shown  a  comparison  of  three  powder  diffractograms  of 
the  glass  9OV2O5  IOP2O5  after  its  heating  to  265,  360  and  550  °C, 
respectively.  Further  discussion  of  the  heating  conditions  on  an 
average  size  of  the  newly  appearing  crystallites  will  be  included 
in  the  Section  4  of  this  article.  Besides  reflections  originating  from 
orthorhombic  V2O5  there  are  several  lines  of  a  yet  unidentified 
phase.  The  attempts  to  match  these  lines  with  the  reflections  of 
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Fig.  8.  XRD  patterns  of  the  samples  after  their  heating  up  to  rmax  =  265,  360  and 
550 °C.  Solid  circles  correspond  to  orthorhombic  V205  phase,  open  ones  to  an 
unidentified  phase. 


Fig.  9.  SEM  micrograph  of  a  90V205  10  P205  sample  after  heating  up  to  550  °C  (above 
the  crystallization  peak  C  on  the  DTA  curve  shown  in  the  inset). 


vanadia-,  phosphate-  or  vanadophosphate-based  structures  col¬ 
lected  in  the  JCPDS  database,  have  failed  so  far. 

3.3.  Electrical  properties 

3.3 A.  Non-isothermal  crystallization 

As  received  glasses  exhibit  properties  of  amorphous  semicon¬ 
ductors,  in  particular  their  electrical  conductivity  depends  on  tem¬ 
perature  according  to  the  Arrhenius  formula:  crT=cr0exp(-ElkT ), 
where  E  is  the  activation  energy  of  the  electronic  conductivity. 
Fig.  10a  presents  the  temperature  dependences  of  the  conduc¬ 
tivity  for  the  glass  heated  up  to  its  glass  transition  temperature 
(Tg  =  225  °C),  and  then  cooled  down  to  room  temperature.  As  can 
be  seen  from  this  plot  the  conductivity  values  measured  on  cool¬ 
ing  stage  are  identical  with  those  measured  on  the  heating.  The 
activation  energy  values  for  heating  and  cooling  runs  are  also  iden¬ 
tical  (0.344  ±  0.002  eV).  This  means  that  the  annealing  of  the  glass 
under  study  below  Tg  does  not  induce  any  structural  (or  microstruc- 
tural)  modifications  which  could  cause  changes  in  the  electrical 
properties.  Discernible  conductivity  changes  start  only  when  the 
maximum  temperature  of  the  heating  program  exceeds  crystal¬ 
lization  temperature  of  the  glass.  In  Fig.  10b,  there  are  shown 
temperature  dependences  of  the  electrical  conductivity  of  a  sample 
heated  up  to  275  °C  (which  corresponds  to  the  end  of  the  crystal¬ 
lization  peak  A  in  the  DTA  trace  presented  in  Fig.  1 ).  To  emphasize 
possible  correlations  between  electrical  conductivity  and  thermal 
events,  the  plot  in  Fig.  10b  contains  conductivity  data  together  with 
a  DTA  curve.  It  should  be  reminded  that  the  rate  of  temperature 
increase  in  the  electrical  conductivity  measurements  was  com¬ 
parable  to  the  lowest  of  the  heating  rates  of  DTA  measurements 
(IK min-1).  The  Arrhenius-like  dependence  with  an  activation 
energy  E  =  0.34eV  is  observed  up  to  ca  230  °C,  i.e.  close  to  Tg.  At 
around  the  onset  of  crystallization  peak  A  (ca  245  °C)  the  depen¬ 
dence  of  conductivity  on  temperature  becomes  non-Arrhenian. 
Microstructure  of  the  sample  annealed  at  275  °C  shown  earlier  (cf. 
Fig.  6)  is  nanocrystalline  with  the  predominance  of  small  grains 
(below  100  nm).  Conductivity  measured  on  the  cooling  run  follows 
the  Arrhenius  formula  with  a  single  activation  energy  (E  =  0.30  eV), 
which  is  lower  than  the  activation  energy  measured  during  the 
heating  stage  (0.34  eV).  What  is  characteristic  for  the  cooling  stage  is 
that  the  electronic  conductivity  is  much  higher  than  that  measured 
in  the  heating  run. 

For  samples  heated  up  to  temperatures  higher  than  275  °C,  one 
can  observe  the  tendency  to  an  increase  in  electrical  conductivity 
caused  by  the  heat  treatment.  A  maximum  extent  of  this  tendency 


T.K.  Pietrzak  et  al.  /  Journal  of  Power  Sources  194  (2009)  73-80 


77 


400  300  200  100  t/°  C 


10007""1  /  K"1 

Fig.  10.  Arrhenius  plots  of  9OV2O5  IOP2O5  glass:  (a)  heated  up  to  glass  transition 
temperature  Tg  and  cooled  down  to  room  temperature,  (b)  heated  up  to  275  °C  and 
cooled  down  to  room  temperature,  and  (c)  heated  up  to  360  °C  and  cooled  down  to 
room  temperature.  A  DTA  curve  taken  on  heating  is  shown  for  comparison. 
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Fig.  11.  Temperature  dependence  of  conductivity  for  90V205  IOP2O5  sample  heated 
up  to  500  °C  and  cooled  down  to  room  temperature  (a  DTA  curve  taken  on  heating 
is  shown  for  comparison). 

conductivity  changes  due  to  the  heating  are  more  pronounced  that 
in  the  case  of  a  cycle  reaching  maximum  temperature  of  275  °C.  The 
activation  energy  measured  on  cooling  was  equal  to  0.28  eV.  The 
room  temperature  conductivity  after  the  heating-cooling  cycle  was 
0  25  oC^2x  10-3  S  cm-1 ,  i.e.  was  much  higher  than  8  x  10-5  S  cm-1 
for  the  fully  amorphous  material  before  the  cycle.  The  maximum 
conductivity  in  this  cycle  reached  value  of  2  x  10-1  Son-1  at360°C. 
The  primary  cause  of  the  positive  conductivity  changes  caused  by 
thermal  treatment  is  the  modification  of  microstructure  (cf.  Fig.  7). 
Thermally  induced  formation  of  many  small  grains  leads  to  appear¬ 
ance  of  interfacial  disordered  regions  between  surfaces  of  these 
grains  and  the  bulk  of  the  amorphous  phase.  An  important  advan¬ 
tage  of  nanocrystallization  is  a  remarkable  increase  in  the  thermal 
stability  threshold  of  the  obtained  nanomaterial.  As  can  be  seen  in 
Fig.  10c,  the  as-received  glass  is  stable  up  to  Tg^225°C,  whereas 
the  nanocrystallized  sample  is  stable  up  to  at  least  360  °C.  When 
the  maximum  temperature  of  the  heating-cooling  cycle  is  very 
high  (>460  °C),  higher  than  temperatures  of  crystallization  pro¬ 
cesses  seen  in  DTA  curves,  the  conductivity  decreases  sharply  which 
is  shown  in  Fig.  11.  In  the  SEM  micrograph  of  a  sample  heated 
up  to  550  °C  (Fig.  9),  it  is  clearly  seen  that  the  sample  underwent 
complete  massive  crystallization  resulting  in  well  shaped  crystal¬ 
lites.  It  is  somewhat  unexpected  that  despite  a  conductivity  drop 
in  this  cycle  the  activation  energy  of  conductivity  in  the  cooling 
stage  remains  low.  A  probable  reason  is  that  on  a  local  scale  the 
transport  mechanism  in  crystallized  samples  is  the  same  as  in 
the  case  of  aforementioned  samples  heated  to  lower  maximum 
temperatures  (<400 °C).  Materials  in  all  these  cases  contain  some 
amount  of  defective  well  conducting  regions  around  newly  formed 
grains.  All  of  these  regions  have  a  similar  structure  and  conduc¬ 
tive  properties,  which  corresponds  to  similar  activation  energy.  The 
difference  lies  in  the  volume  fraction  of  these  regions.  In  samples 
heated  to  lower  temperatures  (<400 °C)  it  is  relatively  high,  and 
in  samples  heated  up  to  over  500  °C,  it  is  substantially  lower.  This 
difference  leads  to  a  decrease  of  absolute  values  of  conductivity 
in  the  latter  case,  but  keeps  the  same  activation  energy  in  both 
situations. 


3.3.2.  Isothermal  crystallization.  Stability  of  the  obtained 
was  found  for  heating-cooling  cycles  with  the  upper  tempera-  nanomaterials 

ture  limit  close  to  400° C.  In  Fig.  10c,  there  are  shown  temperature  Apart  from  studies  on  non-isothermal  processes  affect- 

dependences  of  conductivity  for  the  sample  heated  up  to  360  °C  and  ing  the  microstructure  and  electrical  conductivity  of  the  samples 
cooled  down  to  room  temperature  together  with  the  DTA  curve  on  (presented  in  Section  3.3.1 )  it  is  equally  important  to  study  the  con- 
heating.  It  has  been  observed  that  the  activation  energy  value  and  sequences  of  isothermal  annealing.  Fig.  12  shows  two  temperature 
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Fig.  12.  Temperature  dependences  of  conductivity  for  9OV2O5  IOP2O5  sample:  (a) 
at  255  °C  for  16  h  and  cooled  down. 


400  300  200  100  t!°C 


up  to  255  °C  and  immediately  cooled  down  to  room  temperature,  and  (b)  annealed 


dependences  of  conductivity  for  the  same  composition 
(90V205  10P205)  and  temperature  range  (Tmax  =  255 °C).  The 
difference  between  two  data  sets  lies  in  the  duration  of  the 
isothermal  annealing  at  the  maximum  temperature.  In  one  case 
in  Fig.  12a,  this  duration  was  negligible  (the  cooling  stage  imme¬ 
diately  succeeded  the  heating  one)  while  in  the  other  case  there 
(data  set  (b)  in  Fig.  12)  was  a  period  of  At=16h  of  annealing 
at  the  maximum  temperature  (255  °C)  before  the  sample  was 
cooled  down  to  room  temperature.  There  is  a  distinct  difference 
between  these  two  cases,  both  in  absolute  values  of  conductivity 
(higher  for  the  annealed  sample)  and  the  activation  energy  (lower 
for  the  annealed  sample).  The  experimental  time  dependence  of 
conductivity  for  the  annealed  sample  during  its  period  of  isother¬ 
mal  annealing  at  255  °C  is  given  in  Fig.  13.  Time  t  =  0  marking  the 
beginning  of  the  isothermal  annealing  usually  does  not  correspond 
to  the  start  of  the  isothermal  crystallization  [11].  For  times  from 
ca  100  min  on,  it  was  possible  to  fit  the  experimental  data  with  a 
function: 


a(t)  =  a„ 


1  -  exp 


(2) 


The  best  fit  parameters  were:  an  =  6.8  x  10_2Scm_1,  r  =  4.6h, 
n  =  0.28  and  t0  =  1.1  h. 

The  exponent  2/3  in  Eq.  (2)  was  proposed  to  account  dimension¬ 
ality  of  the  newly  formed  quasi-2D  regions  exhibiting  enhanced 
conductivity.  More  details  on  Eq.  (2)  are  given  in  the  Section  4.  Eq. 
(2)  was  derived  from  the  classical  Avrami  formula  for  time  depen¬ 


dence  of  isothermal  crystallization  [12]: 

F(t)  =  1  -exp(-/Ctn),  (3) 

where  F(t)  -  the  volume  fraction  undergoing  transition  from  amor¬ 
phous  to  crystalline  phase,  K ,  n  -  constants. 

An  analogous  experiment  aiming  at  finding  the  effect  of  long¬ 
term  annealing  at  the  maximum  temperature  on  the  conductivity 
was  done  in  the  heating-cooling  cycle  reaching  the  highest  temper¬ 
ature  of  295  °C.  There  were  two  runs  (the  one,  in  which  a  sample 
heated  up  to  295  °C  was  without  a  delay  cooled  down  and  the  other, 
in  which  sample  was  held  at  295  °C  for  18  h,  before  being  cooled 
down.  In  this  case,  in  opposition  to  the  previous  one  the  annealing 
did  not  cause  any  change  of  the  conductivity  and  in  both  cases  the 
temperature  dependence  of  conductivity  on  cooling  was  the  same 
for  non-annealed  and  annealed  sample.  In  both  cases  the  activation 
energy  values  were  almost  identical  (0.278  ±  0.002  eV  for  the  non- 
annealed  and  0.279  ±  0.002  eV  for  the  annealed  sample).  It  means 
that  the  isothermal  annealing  at  295  °C  does  not  have  any  effect  on 
the  conductivity  (contrary  to  the  case  of  the  annealing  at  255  °C). 

Similar  reproducibility  of  the  conductivity  dependences  and  sta¬ 
bility  of  its  values  was  found  for  samples  annealed  at  340  °C.  A 
nanocrystallized  sample,  after  cooling  down  to  room  temperature, 
was  heated  up  again  to  340  °C  and  once  more  cooled  down  to  room 
temperature.  In  all  those  cases  conductivity  values  at  corresponding 
temperatures  and  activation  energies  (0.28  eV)  were  the  same. 

4.  Discussion 


Fig.  13.  Time  dependence  of  electronic  conductivity  for  the  sample  annealed  at 
255  °C  for  16  h  (the  effect  of  isothermal  nanocrystallization). 


Results  of  the  conductivity  measurements  of  as-received  and 
thermally  processed  samples  are  summarized  in  Fig.  14  and  Table  1 . 

Table  1 

The  dependence  of  conductivity  an  (at  25  °C)  and  activation  energy  E  for  nanocrys¬ 
tallized  glasses  on  the  temperature  Tmax  of  the  thermal  treatment  runs  ( crg  denotes 
reference  conductivity  of  as-received  glass  at  25  °C). 


With  accuracy  of  ±  0.002  eV. 
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Fig.  14.  Effect  of  thermal  treatment  on  the  electronic  conductivity  and  the  activation 
energy  of  the  studied  samples  (lines  are  the  guide  to  eyes  only).  The  DTA  heating 
run  is  included  for  comparison. 


The  data  shown  there  represent  ratio  between  room  temperature 
conductivities  (circles  in  Fig.  14)  of  thermally  processed  and  as- 
received  samples,  and  the  activation  energy  values  (squares)  of 
the  samples  under  study.  The  DTA  curve  inserted  in  Fig.  14  gives 
a  comparative  information  about  the  thermal  transitions  taking 
place  within  the  studied  temperature  range.  It  can  be  seen  that  the 
most  pronounced  increase  in  the  conductivity,  and  a  simultaneous 
decrease  in  the  activation  energy,  occurs  within  the  temperature 
range  of  crystallization  peak  A,  in  which  a  transformation  from  the 
glassy  to  nanocrystalline  phase  takes  place.  At  temperatures  above 
that  range,  values  of  both  aforementioned  quantities  (a  conductiv¬ 
ity  ratio  and  activation  energy)  become  relatively  stable,  though 
above  the  crystallization  peak  B  one  can  observe  fluctuations  of 
these  parameters.  Processing  the  samples  at  ca  400  °C  leads  to 
formation  of  nanomaterials  exhibiting  the  highest  electrical  con¬ 
ductivity.  When  the  temperature  is  higher  than  460  °C  samples 
undergo  massive  crystallization  causing  a  decrease  in  conductivity. 

For  the  interpretation  of  the  experimental  results  it  is  useful 
to  analyze  average  dimension  of  nanocrystalline  grains  in  stud¬ 
ied  samples.  That  quantity  was  determined  by  two  independent 
methods  based  on  XRD  and  SEM  studies  (Section  3.2). 

The  mean  size  (averaged  over  volume)  of  the  V2O5  crystallites, 
determined  from  broadening  of  the  respective  lines  in  the  XRD 
pattern  was  estimated  using  the  Scherrer  formula: 


(d)fD 


I<X 

\/~P 0  cos9’ 


(4) 


where  I<=  0.9  (assumption  of  spherical  grains),  X  -  wavelength  of 
the  incident  XRD  beam  (here  ACuI<a  =  1.54  A).  Parameters  /30  and 
/3a  =  0.12°  correspond  to  full  width  of  the  given  reflection  at  half 
maximum  and  the  instrumental  width,  respectively. 
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Fig.  15.  A  histogram  of  the  grain  size  distribution  determined  from  SEM  micrographs 
taken  for  a  sample  heated  up  to  275  °C. 


Estimations  of  average  grain  size  (d)vRD  from  line  broadening  of 
XRD  patterns  (Fig.  8),  using  the  Scherrer  formula  (Eq.  (4))  give  the 
following  values:  20  ±  2,  26  ±  3,  and  46  ±  5  nm  for  samples  heated 
up  to  265, 360  and  550  °C,  respectively.  From  the  above  sequence  it 
is  seen  that  the  grain  size  is  larger  for  higher  annealing  temperature, 
as  one  could  expect. 

To  determine  grain  sizes  by  SEM  method  we  used  the  special¬ 
ized  image  processing  software  [13].  By  applying  that  software  to 
SEM  micrograph  in  Fig.  6,  it  was  possible  to  determine  grain  size 
distribution  of  a  nanocrystallized  sample  (heated  up  to  275  °C).  The 
corresponding  histogram  is  shown  in  Fig.  15.  It  can  be  seen  that  the 
size  of  the  majority  of  grains  is  in  the  10/80  nm  range.  One  has  to 
be  aware  that  by  using  the  software  [13]  one  obtains  surface  aver¬ 
ages,  whereas  the  XRD  method  yields  volume  averages.  In  order  to 
compare  both  results  correctly,  a  volume  average  for  SEM  method 
has  to  be  calculated  from  surface  averages  as  follows  [14]: 

(5) 

where  subscripts  S  and  V  denote  surface  and  volume  averages, 
respectively.  Application  of  Eq.  (5)  to  our  SEM  data  gives  (d)vEM  ~ 
40  nm. 

Comparing  a  value  of  (d)vEM,  corresponding  to  275  °C,  to  values 
of  (d)vRE>,  corresponding  to  265-360  °C,  one  can  notice  that  the  for¬ 
mer  value  is  about  twice  as  high  as  the  latter  one.  Generally  such  a 
discrepancy  may  arise  from  a  possibility  that  a  grain  seen  by  SEM  is 
composed  of  several  smaller  crystallites.  However  in  our  case,  from 
the  SEM  and  conductivity  data,  it  is  more  likely  that  a  crystalline 
part  of  the  grain  (sensed  by  XRD)  is  enveloped  by  a  strongly  dis¬ 
torted  or  even  amorphous  one.  The  whole  grain,  with  its  crystalline 
inner  part  and  distorted  outer  part  is  seen  in  SEM  micrographs. 
This  description  is  in  line  with  a  “core-shell”  model  of  the  nano¬ 
sized  grains  in  thermally  nanocrystallized  materials  such  as  the  one 
under  study.  According  to  this  model  a  grain  consists  of  an  inner 
fully  crystalline  “core”  and  an  outer  highly  disordered,  defective 
and  non-stoichiometric  “shell”.  The  same  “core-shell”  concept  can 
explain  the  conductivity  enhancement  caused  by  nanocrystalliza¬ 
tion.  Fig.  16  shows  a  representation  of  such  a  model.  The  overlapping 
and  intersecting  defective  shells  around  crystalline  cores  can  form 
a  complicated  system  of  paths  for  facilitated  electron  transport.  The 
mechanism  of  electronic  transport  in  vanadium  oxides  consists  in 
the  small  polaron  hopping  between  aliovalent  V4+  and  V5+  sites. 
In  the  regions  where  the  local  concentration  of  the  V4+-V5+  pairs 
is  high,  the  conductivity  is  also  high.  Such  a  situation  takes  place 
inside  and  around  the  defective  grain-shell  areas.  The  influence  of 
the  “interfacial”  factor  on  the  conductivity  enhancement  can  be 
deduced  from  the  good  correlation  between  the  increase  in  elec¬ 
trical  conductivity  during  isothermal  nanocrystallization  (Eq.  (2)) 
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Fig.  16.  A  model  of  the  easy  conduction  paths  in  studied  nanomaterials  using  a 
“core-shell”  concept. 

and  the  progress  in  the  isothermal  nanocrystallization  itself  (repre¬ 
sented  by  the  Avrami  equation  (Eq.  (3)).  The  important  difference 
between  Eqs.  (2)  and  (3)  is  the  exponent  of  2/3  which  is  present 
in  the  expression  in  a  parenthesis  of  Eq.  (2)  and  is  absent  in  Eq. 
(2).  This  exponent  was  introduced  by  us  to  the  Eq.  (2),  because  the 
well  conducting  interfacial  regions  formed  during  nanocrystalliza¬ 
tion  have  a  quasi  2-dimensional  character  of  shells  around  grains, 
while  the  progress  in  nanocrystallization  described  by  the  Avrami 
Eq.  (3)  describes  the  changes  of  the  volume  occupied  by  the  newly 
formed  crystallites.  Therefore  the  exponent  of  2/3  represents  the 
ratio  between  the  dimensionalities  of  the  interfacial  well  conduct¬ 
ing  regions  around  grains  (quasi  2D)  and  volume  changes  of  the 
grains  themselves  (3D). 

To  explain  the  conductivity  increase  during  nanocrystallization 
it  is  useful  to  refer  to  the  well  established  Mott  theory  on  elec¬ 
tron  hopping  in  disordered  systems  [15]  and  to  adopt  it  to  the  case 
of  nanocrystallized  glasses.  According  to  the  Mott  theory,  the  con¬ 
ductivity  at  temperature  T>#/2  (half  of  the  Debye  temperature)  is 
expressed  by  the  formula: 

a  =  zSlVee-2aRe-Ee/kT  =  ae0e~Ee/kT ,  (6) 

where  R  is  the  average  distance  between  hopping  centers,  ve  = 
Ti/meR2,  a  is  the  inverse  localization  length  of  the  electron  wave 
function,  c=  [V4+]/([V4+]  +  [V5+])  is  the  fraction  of  occupied  hop¬ 
ping  sites  for  electrons  and  Ee  is  the  activation  energy  of  electronic 
conduction.  The  theoretical  expression  for  Ee  includes  a  term 
W=  W0(l  -  rp/ft ),  where  W0  -  a  constant.  A  parameter  rp  denotes  a 
radius  of  a  small  polaron  [15].  The  Eq.  (6)  indicates  that  electronic 
conductivity  is  higher  and  an  activation  energy  is  lower  when  the 
distance  R  between  hopping  centers  becomes  smaller.  In  the  case 
of  samples  under  study  it  can  be  expected  that  due  to  nanocrystal¬ 
lization  process  the  concentration  of  V4+-V5+  pairs  is  higher  near 


the  surfaces  of  the  newly  formed  crystallites  than  inside  the  crystal¬ 
lites.  Higher  number  of  neighboring  V4+/V5+  hopping  centers  in  the 
interfacial  regions  leads  to  smaller  average  distance  between  the 
hopping  centers,  and  consequently  (cf.  Eq.  (6))  it  causes  an  increase 
in  conductivity. 

For  the  samples  heated  up  to  temperature  higher  than  ca 
500  °C  one  observes  massive  crystallization,  consisting  in  a  con¬ 
siderable  growth  of  the  crystallites  and  the  gradual  disappearance 
of  defective  disordered  regions  covering  crystalline  cores  of  the 
nanocrystallites.  In  the  case  of  massive  crystallization  the  grains, 
visible  in  SEM  micrographs  (Fig.  9)  become  well  developed  crystal¬ 
lites  with  sharper  edges  and  more  regular  shapes  than  the  grains 
produced  during  nanocrystallization  at  lower  temperatures.  A  neg¬ 
ative  consequence  of  the  massive  crystallization  is  the  decay  of  the 
“easy  conduction  paths”  of  the  interfacial  regions  and  a  conductivity 
drop  (Fig.  14). 

5.  Conclusions 

A  new  electronic  conductive  material  was  prepared  by  a  ther¬ 
mal  nanocrystallization  of  V2O5-P2O5  glasses.  The  conditions  of 
its  synthesis  were  optimized  using  a  combination  of  DTA,  XRD, 
SEM  and  impedance  spectroscopy  methods.  The  resulting  nanoma¬ 
terial  exhibits  promising  properties.  Thermal  nanocrystallization 
leads  to  an  increase  in  the  electronic  conductivity  by  a  factor  of 
25,  a  decrease  in  the  activation  energy  and  an  increase  in  thermal 
stability  threshold  by  ca  150  °C,  in  comparison  with  the  original 
glasses.  A  substantial  improvement  of  the  electrical  properties  of 
the  synthesized  conductors  is  most-likely  related  with  highly  disor¬ 
dered  shells  around  V205  nanocrystalline  cores.  In  these  shells  the 
concentration  of  V4+-V5+  pairs  is  distinctly  higher  than  in  nanocrys¬ 
talline  cores.  The  disappearance  of  the  disordered  shells  due  to 
massive  crystallization  causes  a  considerable  conductivity  drop. 

The  described  method  of  thermal  nanocrystallization  of  a  glassy 
phase  can  be  used  in  the  search  and  development  of  new  nanocrys¬ 
talline  cathode  materials  for  Li-ion  batteries. 
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